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By in situ bending tests inside an environmental transmission electron microscope, we found that from the pre-
crack tip of single crystalline aluminium cantilevers, dislocations are emitted and self-organized to build a low
angle grain boundary (LAGB), along which the crack propagates more easily in hydrogen atmosphere than in
vacuum. Atomistic modelling suggests that the LAGB formed can strongly trap hydrogen atoms, and its cohesive
strength can be substantially reduced. These results imply that the hydrogen-induced transgranular crack in a
polycrystalline metal can proceed by repeating a process of dynamically forming a hydrogenated LAGB and its
subsequent separation in grain.

1. Introduction

Hydrogen embrittlement is a pervasive safety concern for almost all
industrially-important metals and alloys, and is responsible for many
structural failures when the service environment of materials is H-con-
taining, such as oil wells, humid air, sea water, etc. However, despite the
enormous efforts in the past century, the mechanistic understanding of
hydrogen-induced cracking (HIC) is still on the debate at multiple scales
[1-12].

From the fractography perspective, hydrogen embrittled metals
often crack in two modes: intergranular and transgranular. For
hydrogen-induced intergranular cracking, the cracks propagate well
along the pre-existing grain boundaries (GBs) [13,14], indicating that
GBs play an important role in hydrogen embrittlement fracture of
metals. This can usually be explained by the hydrogen enhanced deco-
hesion (HEDE) theory, which states that gathering of hydrogen atoms in
local area of the metals can weaken the metallic bonds there located,
thus lead to the decohesion of the material under tensile stress [15,16].
Among typical lattice defects, GB is generally considered as a strong trap
for hydrogen atoms, where local H atoms density is usually much higher
than in the lattice [17,18]. Meanwhile, dislocation activities can also
contribute much to the hydrogen-induced cracking of GBs. For example,
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some hydrogen-induced intergranular fracture surfaces often come with
fine slip traces [14,19], indicating that the cracking of the GB also in-
volves dislocation activities [14]. It was suggested that the reaction of
dislocations with GB can activate the GB and largely facilitates the
initiation and propagation of the hydrogen-induced intergranular
cracks, and it can even make the cracks quasi-cleavage like [12].

The quasi-cleavage feature is more frequently observed in the
transgranular-type hydrogen induced cracking. Typical quasi-cleavage
fracture surfaces usually show fine river markings or nanovoids/dim-
ples at surface [3,20-22], as a result of intense dislocation activities in a
small volume at the crack tip. To explain the quasi-cleavage fracture, the
hydrogen enhanced localized plasticity (HELP) theory was proposed [7,
23-26] and widely cited [2,3,7,9,27,28]. The HELP theory suggests that
hydrogen could promote the dislocation motion [25] or inhibit cross-slip
of dislocations [26], which in turn facilitates the localization of plastic
deformation and faster fracture within the material [7]. However, the
hydrogen effect on individual dislocation behaviour seems to be quite
material-dependent, since contradictory evidences exist to reveal quite
different effects [6,8,29]. More importantly, it is not clear as to how the
behaviour change in individual dislocation can cause localized plas-
ticity, and how the localized plasticity leads to premature cracking.

Some recent works have attempted to bridge the knowledge gap
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between H-modified individual dislocation behaviour and hydrogen
induced cracking. These experiments generally reported more refined
microstructure units (e.g., dislocation cells, sub-grains divided by
dislocation walls) developed in the presence of hydrogen [14,30]. It was
also reported that hydrogen can promote the formation of low-energy
dislocation nanostructures which then serve as the sites for crack initi-
ation on loading [31]. Besides, by cold rolling of the metal samples to
different reduction strains, different dislocation patterns (e.g., disloca-
tion cell walls with different dislocation density distributions) were
found to be formed in the materials, and they can make a difference on
the subsequent hydrogen embrittlement behavior of these rolled sam-
ples [32]. Altogether, it appears that the hydrogen effects on these
dislocation cells/sub-grain boundaries should be critical to the under-
standing of the HIC, yet less studied till now.

In this work, we choose in situ environmental transmission electron
microscope (TEM) bending tests on pre-notched cantilevers of single
crystalline aluminium, to study the hydrogen effect on the evolution of
dislocation substructure and the ensuing cracking process. Combined
with atomistic modelling and calculation of the hydrogen effect on GB
segregation and cohesive strength reduction, our results provide an
excellent example to show the evolution of microstructure towards
transgranular cracking in the presence of hydrogen.

2. Materials and methods
2.1. Sample preparation

Single crystal aluminium (99.9995 %) disks were cut into 1.5 mm x
2 mm rectangular plates, which were mechanically polished to ~100 pm
in thickness and electrochemically thinned to 1~3 pm at one edge. On
the thinned edge, cantilever beams were milled by focus ion beam (FIB,
FEI Helios NanoLab 600, operating at 30 keV and 32 pA at final milling
step) equipped with a scanning electron microscope (SEM), as shown in
Fig. 1. For each cantilever, a hump was fabricated at the floating end to
maintain stable touch during mechanical tests, and a notch was fabri-
cated at position about 200 nm away from the support. These notches
have measured depths ranging from 1/5 to 1/2 of the beam thickness,
with fitted radius of curvature of 20—60 nm. To minimize the ion im-
plantation, the incident angle of the Ga beam is small and nearly parallel
to the resulted surface during ion milling, thereby resulting in an im-
plantation depth as small as possible. Also, the final milling step usually
uses a lower accelerating voltage (5—16 kV) and beam current (18 pA).
All the cantilevers contain pre-existing dislocations resulting from FIB
milling, with dislocation density estimated to be from 5 x 10* m 2 to 1
x 10 m~2. These dislocations are in a state of being pinned by defects
like other dislocations and point defects near the surface.
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2.2. In situ bending tests in environmental TEM

The bending tests and in situ observation of the sample deformation
were conducted in an environmental TEM (Hitachi H9500, operating at
300 kV and 2 mA-4 mA emission current). As shown in Fig. 1, three
different gas conditions were applied in the bending tests: (1) vacuum,
(2) mixed gas of 0.5 Pa Hydrogen and 1.5 Pa Nitrogen, and (3) 2—3 Pa
pure Hydrogen. Before the bending test in the hydrogen environment,
the samples were immersed in the gaseous atmosphere for at least 30
min, long enough for hydrogen diffusion to reach equilibrium distribu-
tion in the samples. The bending tests were performed on Hysitron PI95
H1H Picolndenter. The cantilever beams were loaded using a diamond
tip, which was driven by a MEMS transducer. The displacement and
loading force were simultaneously measured by the transducer with
force resolution of ~500 nN and the displacement resolution of ~2 nm.
All bending tests were carried out using a displacement control mode
with the loading rate set at 2~5 nm/s.

2.3. Atomistic modelling and calculation

To support the analysis of experimental results, atomistic modelling
and calculation of hydrogen effect on cohesive strength of GBs and
segregation effect of hydrogen atoms were performed by using the
software package LAMMPS [33]. The angular-dependent interatomic
potential for the Al-H system fitted by Apostol and Mishin [34] was
adopted. This potential can reproduce a variety of properties for the
Al-H system, and was shown to be highly reliable for atomistic simula-
tion of dissolved hydrogen on deformation and fracture of Al [8,34].

Three low angle GBs of 3243 < 110 > {11 11 1} (tilt angle of 7.36°),
%73 < 110 > {6 6 1} (tilt angle of 13.44°), 33 < 110 > {4 4 1} (tilt
angle of 20.05°), and two high angle GBs of £5 < 100 > {3 1 0} (tilt
angle of 36.86°) and 221 < 112 > {1 4 2} (tilt angle of 44.41°), were
selected for the modelling study. To evaluate the hydrogen effect on
cohesive strength of GBs in aluminium, the interface cohesive energy
model proposed by Rice and Wang [35], which is in line with the
elastic-brittle Griffith model and was widely adopted for characterizing
the theoretical cohesive strength for GBs [36-39], was employed here.
In the Rice-Wang model, the GB cohesive energy is defined to be 2f; - fp,
where the f; and f, denote excess free energy per unit area for a surface
and the GB, respectively [35]. Here we use the 0 K potential energy of
the system instead for the calculation. Specifically, small bicrystal
models with dimensions equal to a few numbers of coincidence site
lattice (CSL) periods of the corresponding GBs were constructed. The
three-dimensional periodic boundary condition (PBC) was applied.
Hydrogen atoms of different numbers were introduced in the GB zone at
the middle of the bicrystal models. For all the bicrystal models, the GB
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Fig. 1. In situ environmental TEM bending test of the notched sample of single crystalline aluminium. (a) Schematic illustration of the sample geometry and di-
mensions. (b) Bright field TEM image showing the as-prepared cantilever by FIB (scale bar: 200 nm). (c¢) The corresponding diffraction pattern of the single crystalline

aluminium sample.
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zone is defined to be a thin slab with thickness of 1.0 nm parallel to the
GB plane (i.e., the geometric separation plane of neighbouring grains),
and with the GB plane as its middle plane. The hydrogen atoms initially
have random distribution in the GB zone. A combination of Metropolis
Monte Carlo (MC) [40,41] moves of the hydrogen atoms together with
Nose-Hoover molecular dynamics (MD) [42,43] of the bicrystal models
at 300 K and zero stress was performed. The hydrogen atoms were
confined to move within the GB zone with thickness of 1.0 nm. The
models were then subjected to an energy minimization relaxation finally
to reach their equilibrium state of GB at 0 K. By separation of the
bicrystal models along the middle plane in the GB zone, and using a
similar combined procedure, the equilibrium state of the separated
surfaces of the GBs at 0 K can be prepared. The cohesive energies of the
GBs were calculated by the potential energy difference between the
models with and without separated surfaces correspondingly. One can
see that we did not consider hydrogen atoms outside the GB zone for
calculation of the hydrogen effect on the cohesive strength of GBs. And
we assume that the error produced by this simplification is marginal for
the calculated values. The cohesive energies of the {1 1 1} lattice plane
in Al single crystal with randomly distributed hydrogen atoms of
different densities were also calculated in a similar way. The only dif-
ference is that, for the separated surfaces of the single crystals with
randomly distributed hydrogen atoms, no MD nor MC simulation was
performed so as to avoid strong segregation (or mobile effect) of
hydrogen atoms on the separated surfaces.

For calculation of the hydrogen atoms segregation ratio of the
selected GBs, fairly larger bicrystal models with the dimension perpen-
dicular to the GB plane close to 20.0 nm were prepared. The three-
dimensional PBC was applied for these bicrystal models as well.
Hydrogen atoms of a bulk concentration of around 10,000~13,000
appm and with a random distribution were introduced into the whole
region of models (i.e., no segregation at all initially). MD simulation
using the Nose-Hoover dynamics was performed with these bicrystal
models at 300 K and zero stress. The overall time of MD simulation
adopted for each bicrystal model was 100.0 ns, which is long enough to
bring the distribution of hydrogen atoms in the bicrystal models to
equilibrium state at 300 K, since the diffusion rate of hydrogen atoms is
rather high due to the very low migration barrier of interstitial hydrogen
atoms in the face centre cubic (FCC) aluminium lattice (0.19 eV) [34].
By defining the thickness of the GB zone to be 1.0 nm as well, and with
appropriate choice of the region of grain interior, the volume density of
the hydrogen atoms in both the GB zone and the grain interior can be
calculated for each bicrystal model, and their ratio then gives the
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hydrogen atoms segregation ratio at 300 K correspondingly. It needs to
be mentioned that, the hydrogen concentration level in the models here
appears to be much higher than that usually reported in experimental
study (< 2000 appm) [44,45]. However, since there is a strong segre-
gation effect of hydrogen atoms on the GBs (see results described
below), the local hydrogen atoms density on GBs and in grain interior of
the models at the bulk hydrogen concentration level here should be
comparable to those in practice, consider that the grain size of the
bicrystal models here (10.0 nm) is much smaller than that in materials of
practice (> 500 nm).

3. Results

3.1. In situ bending tests with pre-notched cantilevers in environmental
TEM

Fig. 2 shows the results from the in situ bending tests with pre-
notched cantilevers in environmental TEM. As shown in Fig. 2(a) and
(b), the residual bending angle (6), which is defined by the angle of
rotation after unloading, is used as a measure of plastic deformation
incurred by the load. During loading, a new crack may nucleate and
grow from the notch tip (Fig. 3). For the cantilever samples with
different dimensions, the ratio between the new crack length (a) and the
initial sample thickness (Ty) measured from the notch tip (Fig. 2(b)) was
adopted as a measure to compare the extension of crack growth under
certain amounts of loading. The measured values of a/Ty versus 6 for all
the tested cantilevers are plotted in Fig. 2(c). The result clearly indicates
that in hydrogen-containing environment, all samples exhibit bending-
induced growth of new cracks and a/Typ can reach ~0.5 at bending
angle of 20°-40°, while in vacuum, only 2 out of the 11 samples
(equivalent to a probability of 18 %) show very limited growth of new
cracks.

As to the morphology of the crack tip, we observed that the new
crack tip resulted from hydrogen environment test (Fig. 3(c)-(h)) is
much longer and sharper than that obtained from vacuum test (Fig. 3(a)
and (b)). For most samples tested in vacuum, we only see extended
blunting of the notch tip without nucleating a new crack. Therefore, the
above results of increased cracking propensity and much sharper crack
tip in the hydrogen-containing environment unambiguously demon-
strate that under our experimental condition, though only a few Pascal
of hydrogen as excited by electron beams of relatively high energy,
obvious embrittlement in mode I crack tip of pure aluminium samples
can be triggered.
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Fig. 2. Cracking propensity during bending deformation of all notched cantilever samples. (a) SEM image of a cantilever sample after bending. A half transparent
image of the sample before loading was overlapped on the SEM image for comparison. The red lines were drawn to guide the eyes. (b) Schematic of a cracked sample.

(c) Summary of crack propagation distance versus residual bending angle.
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Fig. 3. Cracking morphology of the single crystalline aluminium samples after loading in vacuum ((a) and (b)) and in hydrogen atmosphere ((c)~(h)). Note that a
blunt crack tip formed after bending in vacuum ((a) and (b)), while new and sharp cracks formed after bending tests in hydrogen-containing environment ((c)~(h)).

3.2. Microstructure evolution near the crack tips during loading

A typical comparative analysis of the cracking processes is shown in
Fig. 4 and Supplementary Movies S1 and S2, which are results from two
notched cantilevers of similar geometrical dimensions that were tested
in vacuum and in hydrogen, respectively. Three representative snap-
shots of the cantilevers were extracted from each video at the moments
as indicated in Fig. 4(a) and (e). For the cantilever tested in vacuum,
Fig. 4(b) and (c) and Supplementary Movie S1 demonstrate that, as the
loading force increased, dislocations started to sequentially nucleate at

the crack tip at ~1.5 pN, and then moved in a row into the crystal (Fig. 4
(c)) along the direction of the stress gradient. The leading dislocation
stopped going further after arriving at the plane of zero stress (neutral
plane), and at almost the same moment, the loading force reached the
plateau of ~4 pN at displacement of ~100 nm. In the following stage, we
saw an increase of dislocation density in the row (Fig. 4(d)), due to more
emitted dislocations from the notch tip continuing to be incorporated
into the row, accompanied by the blunting of the notch tip without
nucleation of a new crack. The formation of these dislocation structures
can divide the single crystal sample into several individual grains with
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Fig. 4. The evolution of dislocation substructure near the crack tip during the bending tests in vacuum and in hydrogen environment. (a)-(d) are bending results in
vacuum and (e)-(h) in hydrogen environment. (a) and (e) are typical force-displacement curves of the notched cantilever. The inserts are bright field TEM images
showing the entire cantilever before bending, and the areas boxed with dash lines were recorded as movies. (b)-(d) are snapshots from the movie at the moments as
marked in (a) to show the evolution of dislocation configuration at the notch tip, which results in the formation of a LAGB ((c) and (d)). (f)-(h) are snapshots of the
bending process as marked in (e), which show the formation of a similar LAGB (g) but also nucleates a new crack in the later stage (h). All scale bars represent 50 nm.



D.-G. Xie et al.

small crystallographic misorientations. As shown in Fig. 5, this crystal-
lographic misorientation can be simultaneously confirmed from the
analysis of change of sample morphology, diffraction pattern, and the
high-resolution lattice image. Therefore, this dislocation array structure
can be regarded as a low angle grain boundary (LAGB).

The results from a test in 2 Pa hydrogen gas (hereafter referred as
hydrogen test) are shown in Fig. 4(e)-(h) and Supplementary Movie S2.
The black arrow as indicated in Fig. 4(f) shows the formation of tiny
blisters on the surface of the sample (see also the Supplementary Movie
S2), which is consistent with that reported in our previous work [46],
suggesting that the hydrogen atoms have been introduced into the
cantilevers for sure. Compared with results from vacuum test, similar
phenomenon of forming a LAGB due to emission of dislocations from
notch tip has also been observed in the early stage. However, the starting
force for dislocation emission from the notch tip is ~2.5 pN, which is
higher than that in vacuum test. When the leading dislocation reached
the neutral plane, a peak force of ~4 uN also appeared at nearly the
same displacement of ~ 100 nm, as can be seen in Fig. 4(e). This peak
force is followed by a short stage of plateau, corresponding to the
continued increase of dislocation density in the LAGB. To explain the
higher activating force for dislocation emission and propagation, we
carefully examined the deformation videos, and noticed that some of the
pre-existing dislocations in an initial state of being pinned by surface or
other local stress centres were also kicked into motion, which can help
relaxing the stress and cause softening of the stress-strain curve. How-
ever, before reaching the force plateau, much fewer dislocations were
activated into motion in hydrogen tests than that in vacuum tests,
probably resulting from the hydrogen pinning effect on dislocation
motion which is consistent with our previous observations [8]. Such
pinning effect can lead to a stiffer stress-strain response at the early stage
of deformation and a sustained high stress level during the development
of LAGB at the notch tip for the tests in hydrogen. At the later stage of
deformation, an obvious distinction is that a sudden drop of loading
force occurred for the hydrogen test at displacement of ~150 nm (Fig. 4
(e)), but such kind of force drop was never found in vacuum test before
unloading (Fig. 4(a)). From Supplementary Movie S2, this force drop can
be related to the nucleation of a new crack where the LAGB meets the
notch surface. Nearly in all cases, the new crack propagated into the
crystal along the LAGB, as illustrated in Fig. 3(c)-(h). These results
demonstrate that, despite of similar dynamic formation process of LAGB
by emitting dislocations from crack tip on loading, the LAGB formed in
hydrogen environment is much more prone to crack than in vacuum.
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3.3. Characterization of LAGBs dynamically formed on loading

Fig. 6(a) shows the relationship between the experimentally
measured dislocation density in the LAGB dynamically formed on
loading and the misorientation angle across the LAGB. Here, the
misorientation angle across the LAGB was measured in the way as
illustrated in Fig. 5(b) or (c). The dislocation density in the LAGB was
obtained from measurement of the fringe periodicity in the TEM image
of the LAGB (Fig. 6(b) and (c)). It needs to be mentioned that the
contrast in the TEM images of LAGB may assume two different types of
appearance made of alternative black and white short lines. Such line
patterns can be interpreted as either dislocation lines or Moiré pattern.
The method to differentiate between them is that, in a Moiré pattern the
white line and the black lines have the same widths, while for disloca-
tion images the widths can be different.

It can be seen that this relationship perfectly matches the theoretical
prediction based on the dislocation model of a tilt GB [47] (see the insert
in the Fig. 6(a)). As such, these dislocations are geometrically necessary
dislocations (GNDs). The density of GNDs is solely determined by the
misorientation angle and the length of Burgers’ vector [47]. Since the
hydrogen effect on the length of Burgers’ vector is at the same order as
lattice change, which is negligible even in severely H-charged
aluminium [45], the measured data points of dislocation density from
both the hydrogen tests and vacuum tests are expected to closely
adhered to the theoretical line without detectable difference. Therefore,
it is reasonable to infer that the hydrogen charging does not result in a
different dislocation structure in the LAGB dynamically formed on
loading of the aluminium crystal.

3.4. Hydrogen effect on cohesive strength of GBs and the segregation
effect of hydrogen atoms on GBs

The hydrogen effect on the cohesive strength of GBs in aluminium
was evaluated by atomistic modelling method with high fidelity inter-
atomic potential for the Al-H system. Three symmetric tilt LAGBs with
tilt axis of <1 1 0> and tilt angles of 7.36°, 13.44° and 20.05° (Fig. 7(a)-
(c)), and two typical high angle GBs of £5 < 100 > {3 1 0} (tilt angle of
36.86°, Fig. 7(d)) and 21 < 112 > {1 4 2} (tilt angle of 44.41°, Fig. 7
(e)), were selected for the modelling study. Fig. 7(a)-(c) show that the
LAGBs are composed by a wall of edge dislocations. The density of
dislocations within the wall increases with the increase of the tilt angle,
which is in good agreement with the experimental observations shown
in Fig. 6. It can be seen that the cores of the dislocations become very

Fig. 5. Misorientation angle across the grain boundary from one typical sample after loading as determined by three different methods: (a) morphology change, (b)

diffraction pattern, and (c) high-resolution lattice image.
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Fig. 6. Characterization of the LAGBs formed in the notched cantilevers after loading. (a) The comparison of the experimentally measured dislocation density in the
LAGBs with the theoretical prediction. (b) and (c) are TEM images of the dislocation wall near the notch fronts at low and high magnification, respectively.
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close to each other when the misorientation angle is larger than ~20°
(Fig. 7(c)). By careful preparation of the equilibrium state of the GBs
segregated with different amount of H atoms (see Fig. 7(a)-(e) for
example) and the separated surfaces of these GBs (see Fig. 7(f) for
example), their cohesive energies can be obtained by adopting the Rice-
Wang model [35], and the result is shown in Fig. 8(a). For comparison,
the hydrogen-induced reduction of cohesive energy of the {1 1 1} lattice
plane which is the highest dense packed plane in aluminium crystal, was
calculated as well. It should be noted that the local volume density of
hydrogen atoms (i.e., the abscissa of Fig. 8(a)) in the GB was evaluated
in the region of GB zone with thickness of 1.0 nm as indicated by the
dashed rectangles in Fig. 7, while the same density level of hydrogen
atoms of uniform distribution in single crystal lattice was applied for
evaluation of the cohesive energies of {1 1 1} lattice plane for proper

comparison in Fig. 8(a).

(d)

Fig. 7. Atomistic modelling of hydrogen effect
on cohesive energy for a few typical grain
boundaries in aluminium. (a)-(c) are the atom-
istic models for three LAGBs in aluminium
segregated with H atoms. (d) and (e) are the
atomistic models for the high angle GBs of 25 <
100 > {3 1 0} and 221 < 112 > {1 4 2},
respectively. (f) is the atomistic model for the
bicrystal in (a) separated along the GB plane
with two surfaces. By using the common
neighbour analysis method [61], the aluminium
atoms with FCC structure order are represented
by yellow spheres, while the non-FCC ones are
represented by cyan spheres. The smaller dark
blue spheres stand for the H atoms. In (a)-(e),
the GB zones defined as the thin slab with
thickness of 1.0 nm parallel to the GB plane and
with the GB plane as its middle plane for these
GBs, are indicated by the dashed rectangles.

Fig. 8(a) shows that, the cohesive energy of the LAGB (with or
without hydrogen atoms) decreases with the increase of the misorien-
tation angle, and it is very close to that of the high angle GBs when the
misorientation angle is larger than ~12°. Meanwhile, the cohesive en-
ergy level of the high angle GBs is much (10~30 %) lower than that of
the {1 1 1} lattice plane (the favoured cleavage plane) of aluminium
crystal with the same local volume density of hydrogen atoms. The
cohesive energy decreases with the increase of local hydrogen atoms
density in the material, which is a clear manifestation of the HEDE ef-
fect. In particular, the slope for reduction in cohesive energy by increase
of local density of hydrogen atoms is almost twice in the GBs than in the
crystal lattice, suggesting that the GBs have much stronger HEDE effect
than the crystal lattice for aluminium even without the segregation ef-
fect of hydrogen atoms on GBs. In addition, our atomistic modelling and

calculation of the segregation effect of hydrogen atoms on GBs shows



D.-G. Xie et al.
@) 20—+
®—® -170>-tilt GB, 7.36° ||
o B—a <170>-tilt GB, 13.44°
E18fF *—9 <170>-tilt GB, 20.05°]]
3 & —A <100>-tilt GB, 36.86°| |
31 al : ¥ -V <112>-tilt GB, 44.41°
S 1.64 > o--0 {111} surface M
c
m 3
gr4p e ]
2 ’
g o
o 1.2F .
o v
-y
10 1 1 1 1 1 " 1 " 1
0 2 4 6 8 10 12 14

Local volume density of H atoms (nm'a)

Corrosion Science 183 (2021) 109307

(b)

%
2

2 D B D
© o o o

©

H atoms segregation ratio
°

‘Q

<170>-tilg o o o
GB,7.36° GB, 13.44° GB, 20.05° GB, 36.86° GB, 44.41

<170>-tilt | <170>-tilt | <100>-tilt _ <112>-tilt

Fig. 8. (a) The calculated cohesive energies (0 K) of the GBs in Fig. 7 segregated with different amount of H atoms. The calculated cohesive energies of the {1 1 1}
lattice plane in aluminium crystal with different amount of H atoms are also shown for comparison. Note that the local volume density of H atoms on the GBs is
computed as the number of H atoms in the GB zone divided by the volume of the GB zone which is illustrated in Fig. 7. (b) Atomistic modelling and calculated values
of hydrogen atoms segregation ratio of the selected GBs in aluminium at 300 K. The tilt angles of the GBs are indicated.

that the hydrogen atoms segregation ratio can range roughly between
10~50 for these GBs at 300 K (see Fig. 8(b)), indicating that hydrogen
atoms have high potency to segregate on the GBs in aluminium.

4. Discussion

For metal polycrystals with a relatively large grain sizes (say > 1 pm,
which can be applied in our case) and charged with hydrogen atoms of
bulk concentration of Cp, and assuming an equilibrium distribution of
the hydrogen atoms in the material, the local volume density of
hydrogen atoms on the GBs (py/Gp, in the unit of nm ™~ here) can be
roughly estimated as

@

priGB = & Cy pm

where py stands for the atoms number density of the metal matrix in the
unit of nm 3, « is the segregation ratio of the hydrogen atoms on the GB,
and Cy is defined as the ratio of the number of dissolved hydrogen atoms
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to the number of atoms in metal matrix. For aluminium with FCC lattice,
pm = 60.2 nm 2 can be obtained. If we take « = 40 (Fi g. 8(b)), the local
volume density of hydrogen atom on the GBs can then be calculated as
pr/cB = 2408 Cy. In our experiment, here we tentatively assume that the
bulk concentration of hydrogen atoms in crack tip region and its sur-
rounding area in the material can reach a value as high as several
thousands of appm or even more, as can be reflected from the blisters
produced on surface of the samples (Fig. 4(f), see also the Supplemen-
tary Movie S2) with hydrogen gas pressure in the bubbles roughly
estimated to be around a few hundreds of MPa. Comined with the curves
in Fig. 8(a), it can be seen that a large reduction of GB cohesive strength
will result upon the formation of the GB at the crack tip on loading. As an
example, a bulk concentration of 2000 appm of hydrogen atoms in
aluminium can normally produce a local volume density of hydrogen
atoms of ~4.8 nm° on the GB, and it will result in the reduction of the
GB cohesive strength of around 20 %, as can be roughly read from the
curves in Fig. 8(a). The reduction of the GB cohesive strength scales

Fig. 9. Schematic illustration of the cracking
process in single crystal aluminium on loading.
(a) Hydrogen atoms are absorbed at crack-tip
surfaces and dissolve in material. (b) Disloca-
tions nucleate from the crack tip surface and
hydrogen atoms segregate onto the dislocations.
(c) As the dislocations gradually condensed into
a dislocation wall, a hydrogen-enriched low
angle grain boundary is formed ahead of the
crack tip on loading. (d) Crack tip advances
along the low angle boundary in a cleavage-like
style.

el®
o *p H

Dislocation densification
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almost linearly as the bulk concentration of the hydrogen atoms in the
material increases.

Based on the findings above, we figure out the following four-step
physical picture of hydrogen-induced transgranular cracking of an
aluminium single crystal, as illustrated in Fig. 9. When exposed in a
hydrogen-rich environment, the fresh surface of the crack tip can be
saturated with absorbed hydrogen add-atoms, and ingression of
hydrogen atoms into the crystal can take place with or without me-
chanical loading applied, as illustrated in Fig. 9(a). The ingression of
hydrogen atoms into the crystal can even be accelerated by irradiation of
the electron beam on in situ TEM observation of the samples immersed in
the hydrogen gas [48]. As a dislocation is nucleated at the stressed crack
tip and moves into the crystal interior, the hydrogen atoms, either from
the exposed metal surface at crack tip or from the metal interior as the
pre-dissolved solutes, can quickly segregate to the dislocation line (Fig. 9
(b)). As more dislocations are emitted from the crack tip and aligned in a
row, a LAGB with misorientation linearly proportional to the dislocation
density (Fig. 6(a)) will be formed dynamically ahead of the crack tip
(Fig. 9(c)). The dislocation density as well as the local hydrogen atoms
density in the LAGB can increase to a critical level to induce substantial
reduction of boundary cohesion due to the strong HEDE effect in the GBs
(Fig. 8(a)). Therefore, cracking can then occur along the hydrogenated
LAGB on loading of the material (Fig. 9(d)).

For the role played by hydrogen atoms in the cracking and the
mechanism of hydrogen enhanced cracking of the material, our exper-
imental results indicate that, although there is a pinning effect on
dislocation motion due to the introduction of the hydrogen in the ma-
terial, the hydrogen atmosphere does not seem to essentially alter the
evolution of dislocation substructures towards dynamically forming of
GBs in the aluminium crystal (Figs. 4 and 6). It is therefore reasonable to
suggest that the dynamic formation of GBs on loading of the material can
serve as a necessary precursory step to trigger the strong HEDE effect of
GBs (Fig. 8(a)) for hydrogen enhanced cracking of the single crystal
aluminium. Meanwhile, it also needs to be mentioned that, the plasticity
in and around the crack tip region may involve many dislocation-GB
reactions, which may also facilitate the hydrogen induced cracking, as
the reaction can induce atomistic structure distortion to the grain
boundary dynamically formed [12].

The fact that hydrogen enhances cracking of the single crystal
aluminium via dynamic formation of GBs on mechanical loading sheds
light on understanding of the role played by plasticity in hydrogen-
induced transgranular cracking of polycrystalline metals in practice.
For polycrystalline metals serving in hydrogen environment or pre-
charged with hydrogen, cracking of pre-existing GBs can sometimes be
suppressed owing to, e.g., insufficient local stress, deficiency of gath-
ering of hydrogen atoms on GB, or lack of dislocation-GB reaction [12].
In such cases, local plasticity within the grain or at crack tip can intensify
to develop dislocation substructure, thereby forming LAGBs in interior
of individual crystallites by densification and interaction of dislocations
in later stages of plastic straining [49]. With segregation of hydrogen
atoms on the dynamically formed LAGB, cracking can initiate or prop-
agate along the LAGB facilitated by the strong HEDE effect of GBs,
resulting in transgranular fracture of the material. When the crack
propagates in this way step-by-step, the blunting and cleavage (Fig. 9)
will proceed alternately to produce a quasi-cleavage fracture
morphology. In our experiments, the small sizes and the geometry of
samples designed here can facilitate a quick emission and arrangement
of dislocations within a limited material volume, as well as fast gath-
ering of hydrogen atoms in dislocations from free surface. It turns out
that the details of evolution of the dislocation substructure for poly-
crystalline metals in practice may not be exactly as that revealed by our
experiments. Nevertheless, we believe that the LAGBs consisting of a
wall of dislocations as found in our experiments should be intrinsically
similar to the LAGBs or subgrain boundaries formed near a cracking tip
or after severe plastic straining of bulk metals in practice [49]. There-
fore, we would like to suggest that the dislocation-mediated local
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plasticity can serve as a precursory process which is necessary for the
formation of LAGBs, and it seems to be the HEDE effect of the GBs that is
more important for the initiation or extension of the hydrogen-induced
transgranular cracking of the polycrystalline metals in practice.

In the present work, atomistic modelling was employed to calculate
the hydrogen effect on reduction of GB cohesive energy as well as the
segregation ratio of hydrogen atoms on GBs in the bulk metal of
aluminium, which considerably helps the analysis of experimental re-
sults. Previously, a handful of atomistic modelling work by using
quantum mechanics based first principles calculation methods [1,
50-56] or empirical interatomic potential based methods (such as mo-
lecular statics and MD simulation methods) [8,34,57-60] have been
performed on investigation of the physics of hydrogen interaction with
aluminium. For example, it was reported that the nucleation stress or
glide resistance of dislocations can increase upon hydrogen introduction
in aluminium crystal [53,54,59], or a pinning effect of the hydrogen
Cottrell atmosphere can result [8,60], which are consistent with the in
situ experimental findings here as described in Section 3.2. A recent first
principles calculation of hydrogen effect on cohesive strength of
Al-MgZn, interface reveals the very similar linearly reduction of cohe-
sive energy of interface by increase of the local hydrogen atoms density
in the interface zone [56]. On the other hand, a couple of calculations
suggest that hydrogen atoms can facilitate the formation of vacancies or
vacancy clusters acting as embryos for microvoids and cracks in
aluminium [1,55]. And hydrogen induced amorphisation at crack tip of
aluminium on loading has also been reported in MD simulation studies
[58,59]. Despite the advances made, care must be taken to draw con-
clusions from the modelling results about the hydrogen embrittlement
mechanisms, since there can be inherent limitations in specific model-
ling methods such as limited size of model or very short duration of
physical time simulated or indirect connection between energetics of
certain atomistic structure configurations and the physical behaviour of
materials under practical conditions. Nevertheless, it is urged that much
more efforts are required to be made on using the advanced modelling
techniques for in-depth examination of the hydrogen embrittlement
behaviour of aluminium and its alloys in the future.

5. Conclusions

In summary, our experimental findings indicate that for the single
crystal aluminium exposed to the hydrogen-containing environment,
the LAGB which is dynamically formed by emitting dislocations from the
crack tip on loading, has a lowered cohesive strength due to the
hydrogen enrichment, thus entails a much higher cracking propensity.
This is supported by atomistic modelling and calculation which shows
that for aluminium, GBs have much stronger HEDE effect than the
crystal lattice, as well as a high potency for hydrogen atoms segregation.
These results are inspiring for understanding the transgranular cracking
of polycrystalline metals in hydrogen environment. In cases where
cracking along pre-existing GBs is somehow suppressed, local plasticity
realized by dislocation activities in the plastic zone can take place and
usually results in the formation of dislocation substructures like LAGBs,
which are much more susceptible to cracking after hydrogen enrich-
ment. We propose that the hydrogen enhanced cracking via dynamic
formation of GBs can be an important process for the hydrogen
embrittlement fracture of metals.
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