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Hydrogen induced crack initiation in a nickel-based superalloywas studied via in-situ Scanning ElectronMicroscopy
observation under slow strain rate loading. Direct evidence has been obtained of crack initiation and propagation
alongdislocation slip bands leading to sample fracture. Post-mortemmicrostructural analysis showed that hydrogen
induced cracking and separation along dislocation slip bands, which are along {111}γ crystallographic planes with
the highest Schmid factor, leads to the formation of the typical slip-trace-like features on the quasi-cleavage surface.
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Nickel-based superalloys are promising structural materials for the
oil and gas deep well applications due to their high strength at high
temperatures and excellent corrosion resistance [1]. However, when
they are exposed to hydrogenating environments, nickel-based superal-
loys can suffer from hydrogen induced embrittlement [2,3]. The current
lack of understanding in themechanismof hydrogen induced embrittle-
ment (HE) of nickel-based superalloys hampers tailoring the alloy
chemistry and microstructure in order to optimise resistance to hydro-
gen embrittlement [3,4].

Among the various mechanisms accountable for HE of metallic ma-
terials, the hydrogen enhanced decohesion (HEDE) [5,6] and hydrogen
enhanced localized plasticity (HELP) [7,8] are the mostly invoked
mechanisms for materials that do not form hydrides. HEDE mechanism
suggests that hydrogen can reduce the atomic cohesive strength and
thus brittle fracture occurs where hydrogen concentration reaches the
threshold [5,6]. In contrast, HELP mechanism proposes that hydrogen
can reduce the activation stress of dislocation mobility and enhances
dislocation slip localisation [9,10], which leads to premature material
failure. The essential difference between the two mechanisms is the in-
volvement of microscale plasticity, i.e. dislocation motion in the case of
HELP and truly brittle failurewithout dislocation-mediated plasticity for
HEDE. For nickel-based superalloys, due to large volume fraction of pre-
cipitates (γ′, γ″, δ and carbides), the precipitates/matrix interfaces,
which might be potential hydrogen trapping locations, are likely to be
his is an open access article
the vulnerable sites for crack initiation according to the HEDE mecha-
nism. Extensive research has been conducted to study the effect of pre-
cipitates on the hydrogen embrittlement susceptibility of nickel-based
superalloys [3,11–15]. The general trend is that hydrogen induced
cracking along the precipitates/matrix interface is only observed when
they are deliberately coarsened and/or segregated along grain bound-
aries [3,13,16,17]. Direct evidence of cracking along precipitates/matrix
interface is seldom seen in conventionally treated material, which sug-
gests that the HEDE mechanism might be of limited relevance. On the
other hand, substantial evidence of plasticity on the microscale has
been reported for hydrogen-embrittled superalloys. Recent studies on
the HE behaviour of superalloy UNS N07718 (Alloy 718) demonstrated
that hydrogen-dislocation interaction under the framework of HELP
mechanism might play a key role [18]. However, these observations
were only based on post-mortem analysis and there is a great desire
to obtain in-situ observation on hydrogen induced cracking to provide
further evidence of the prevalence of the HELP mechanism. Therefore,
in this study, in-situ SEM observation was conducted on hydrogen-
charged Alloy 718 to reveal the interplay between slip localisation,
crack initiation and propagation process in the presence of hydrogen.
Additional post-mortem analysis on the in-situ tested samples was
carried out in order to provide additional information about the crack
initiation region and the fracture surface affected by the HE.

Alloy 718 was heat-treated to achieve a microstructure considered
as typical for oil and gas applications, including solution treatment at
1040 °C for 1 h followed by aging at 774 °C for 6 h. The microstructure
obtained by the heat treatment can be found in [18]. Flat tensile speci-
mens with a gauge length of 6 mm, a width of 3 mm and a thickness
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. SEM images of the sample during in-situ tension captured at different times (a) 122 min with ɛp of ~7.3%, when a visible crack was detected, and an enlarged image of the framed
regionwas inset (b) 125minwith ɛp of ~7.8%,when the sample fractured, (c) BSE image shows the crack initiation site, which corresponds to the framed region in (a) and (b). The loading
axis is vertical.
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of 1 mm were machined by means of electro discharge machining. The
machined sampleswere ground and polishedwith 40 nmcolloidal silica
suspension (OPS, Struers) to achieve mirror quality surface finish.
Cathodic hydrogen charging was conducted at 80 °C in a NaCl
(1 mol/L) solution. The samples were charged with a constant electric
current density of 7.7 mA/cm2 for 168 h. As reported in previous work
[18], the H penetration depth is estimated to be ~140 μm. To remove
Fig. 2. (a) A BSE image from the crack initiation region, (b) an EBSD orientationmap from the sa
with the maximum Schmid factor of each slip plane indicated. The slip planes that are parallel
the contamination and passive layer on the sample surface due to
hydrogen charging, the sample was polished by OPS for about 5 min
to retrieve mirror surface finish. Subsequently, in-situ loading was
conducted on an FEI Quanta650 field emission gun SEM. To minimize
H degassing, the charged sample was put into the microscope for me-
chanical loading within half an hour. Before loading, the sample surface
was checked by SEM and no hydrogen induced defect was seen. Slow
me region. The {111}γ plane traces from the regions I, II and III are shown on the right side
to the cracking path are coloured in red.
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strain rate tensile (SSRT) testing was then carried out with an initial
strain rate of 1.6 × 10−5 s−1 at room temperature with vacuum in the
range of 1–6 × 10−5 Pa. After SSRT to failure, detailed microstructural
characterisation was conducted. The fracture surface was characterized
using the same microscope. Electron backscattered diffraction (EBSD)
was employed to obtain the orientation of the grains near the fracture
surface. EBSD was performed in the SEM equipped with a HKL system
operating at 20 kV. Focused ion beam (FIB) was used to lift-out foils
from regions of interest on the fracture surface for transmission electron
microscopy (TEM) analysis. FIB was conducted on an FEI Quanta 3Dmi-
croscope. An FEI Tecnai G20 TEM operating at 200 kVwas used to char-
acterise the dislocation substructure underneath the fracture surface
with specific features.

An area of 2.7 × 3.0 mm2 across the whole width of the hydrogen
charged sample was monitored by SEM during SSRT from zero load to
sample fracture. A movie showing the sample failure process is provided
in the supplementary. Three representative snapshots, taken during load-
ing, are shown in Fig. 1. As seen from Fig. 1a, a visible crack was detected
at 122min (plastic strain of ~7.3%), and after further tensile loadingwith a
strain increment of 0.5% (3 min later), the sample failed, as shown in
Fig. 1b. It is the crack that initiated from the framed region in Fig. 1a,
which led to the sample fracture. To obtain detailed information about
this crack initiation site, backscattered electron images were taken from
this region (Fig. 1c). It shows that several grains were involved in the
crack initiation and early stage propagation. It is evident that the crack ini-
tiated along the dislocation slip bands (DSBs), and it altered its path from
grains to grains according to the slip transfer across grain boundaries.

EBSD-based mapping was employed to obtain the orientation of the
grains in the crack initiation region. Based on the EBSD data it was possi-
ble to derive that the DSBs, as expected, are associatedwith the {111} slip
planes. The {111}γ traces of the grains involved in crack initiation are
shown in Fig. 2. In addition, the maximum Schmid factor of each {111}
slip plane is calculated, assuming that dislocations have 〈110〉{111}
slip system and the principle stress direction is the loading direction.
The latter assumption is only an approximation as the actual stress
state of a single grain within a polycrystalline material is affected by the
Fig. 3. SEM images showing the fracture surface of the hydrogen charged Alloy 718 after SSR
magnifications.
elastic and plastic anisotropy of the crystal structure and therefore the
principle stress direction will slightly deviate from the applied stress
direction. It is seen from Fig. 2 that the crack initiates along DSBs, which
are along the crystallographic plane of {111}γ. Moreover, the Schmid
factor analysis demonstrates that cracks initiate along the {111} planes
with the highest Schmid factor, despite the slight uncertainty in principle
stress directions.

The fractographs of the sample after SSRT to failure are shown in
Fig. 3. The fracture surface consists of quasi-cleavage fracture close
to the sample surface (hydrogen penetration depth is estimated to
be ~140 μm) and ductile dimples interior. Detailed characterisation
from the quasi-cleavage region, i.e. the region where hydrogen was
present, show the flat facet decorated with slip-trace-like features.
Nano- and micro-voids can be seen along the traces and the
intersection sites between difference traces. It should be noted
here that the hydrogen induced quasi-cleavage fracture has the
morphology similar to intergranular fracture with grain boundary
highlighted, as seen from Fig. 3b. Indeed, numerous studies have
suggested that these features indicate intergranular fracture [11,
12,20]. However, our current and previous studies [18] demonstrate
that the hydrogen induced cracking of Alloy 718 with fine precipi-
tates in the designated charging and testing protocol is in fact dom-
inated by transgranular fracture. Cracks along DSBs change their
paths when crossing grain boundaries to follow the DSBs of the
neighbouring grains, as evidently shown in Fig. 2a, which makes
the grain boundaries clearly visualized on the fracture surface.

Slip-trace-like features, which are important features to under-
stand the mechanism of HE, have been frequently observed on the
fracture surface of hydrogen charged steels [19], pure nickel [20]
and some nickel-based superalloys [2,3]. The presence of these fea-
tures indicates that dislocation-activated plasticity plays a crucial
role in the hydrogen induced fracture. Recent studies [20,21] have
shown that the dislocation structure underneath these traces in the
hydrogen charged regions tend to have higher dislocation density
and a finer dislocation cell structure than in the hydrogen-free
region. This suggests HELP mechanism may dominate HE of these
T to failure: (a) an overview of the whole sample, (b) and (c) fractographs with higher



Fig. 4.A regionwith slip-trace-like features and the underneathmicrostructure from the hydrogen charged sample after SSRT to failure: (a) SEM image of the region for FIB lift-outwith Pt
protection, and (b) bright field TEM image showing the underneath microstructure, and the red arrows indicated the retrusion sites which are corresponding with the slip-trace-like
features on the SEM image (a).
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materials. In order to clarify the microstructure underneath the slip-
trace-like features of Alloy 718 seen in Fig. 3c, FIB was used to lift-out
TEM foils from the region with such features. The results are shown
in Fig. 4. It is seen from the TEM image that all slip-trace-like features
correlate very well with the DSBs. Considering these features form
during sample fracture, it is convincing that these slip-trace-like
features are the product of cracking and separation along the DSBs
of the hydrogen charged sample during SSRT.

Hydrogen-induced cracking along DSBs of Alloy 718 can be attrib-
uted to two factors: the characteristic plasticity of Alloy 718 via dis-
location process; and the presence of hydrogen. Due to low stacking
fault energy and large volume fraction of precipitates in a material
such as Alloy 718, dislocation slip possesses high planarity and
localisation, and thereby develops very straight dislocation slip
bands during plastic deformation [18,22]. Such high slip planarity
facilitates the cracking along DSBs. In presence of hydrogen, disloca-
tion slip planarity is suggested to be further enhanced, due to hydro-
gen limiting cross slip [10]. Hence dislocation slip bandswill undergo
more intensive dislocation activity according to the framework of
HELP mechanism. It is well documented that hydrogen can stabilize
vacancies generated during dislocation multiplication and motion
[23,24], and thereby forming embryos for the initiation of voids
and cracks. In this manner, DSBs, where slip localisation and inten-
sive dislocation hydrogen interaction happens, become the vulnera-
ble sites for crack initiation and propagation.

The DSBs with the highest Schmid factor are the most facilitated
planes for dislocation activation and slip. Therefore, dislocations were
first activated along these planes, i.e. this plane has seen the largest dis-
location activity and greatest shear strain. Hence, it is these DSBs that
are themost vulnerable planes for cracking in the presence of hydrogen,
as shown in Fig. 2.

Hydrogen induced cracking alongDSBs also leads to the formation of
slip-trace-like features on the quasi-cleavage fracture surface. TEM re-
sults (Fig. 4) demonstrate that those slip-trace-like features are very
likely formed during final separation along the active slip planes medi-
ated by dislocation slip. The appearance of the slip-trace-like features
with voids along the traces and intersections (Fig. 3) indicates an impor-
tant cracking and separation mode—voids coalescence, which was also
clearly shown in the previous paper [18]. These findings provide further
evidence to the claim that dislocation hydrogen interaction results in
void formation,which promotes crack initiation via void linkage and co-
alescence. In addition, cracking and separation appears not along every
slip bands, thus the DSBs do not show one to one correspondence to the
slip-trace-like features. Therefore, the slip-trace-like features on the
fracture surface are sparser than the DSBs.
In summary, in-situ SEM observation of hydrogen charged Alloy 718
during SSRT has demonstrated that hydrogen-induced crack initiation
and propagation along DSBs contribute to the hydrogen embrittlement
of this material. The correlation between the slip-trace-like features on
the quasi-cleavage and the underneath DSBs indicates dislocation activ-
ities play a crucial role for the ‘brittle’ fracture. The results also suggest
that hydrogen-dislocation interaction along the active slip planes with
the highest Schmid factor leads to void formation and subsequent
crack initiation along the DSBs. In addition, such hydrogen embrittle-
ment behaviour resulting fromdislocation hydrogen interaction favours
the HELP mechanism.
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