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Abstract: Hydrogen embrittlement of a Ni-based superalloy, IN740H, was evaluated after gas-phase
hydrogen pre-charging. Specimens with different grain sizes were prepared to induce different
precipitation behavior under annealing treatment; the formation of needle-like MC carbide was found
only in a specimen with a larger grain size and incoherent twin boundaries after annealing treatment
at 1173 K. While other parameters including the grain size and annealing treatment turned out not
to undermine the resistance to hydrogen embrittlement, the needle-like MC carbide was found to
induce premature failure after hydrogen absorption.
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1. Introduction

Recently, several Ni-based superalloys have received attention for their robustness
in harsh conditions such as highly corrosive environment in the next generation oil and
gas exploration [1–6]. Hydrogen atoms as a by-product are likely to penetrate into mate-
rials, resulting in significant mechanical degradation, which is well known as hydrogen
embrittlement for wide range of engineering metals and steels [7–9]. Therefore, studies on
hydrogen embrittlement (HE) of Ni-based superalloys are essential for the applicability of
the alloys in such harsh conditions.

Typically, superalloys include several alloying elements, and various precipitates
can form during heat-treatment as well as in-service condition. Properties of Ni-based
superalloys, especially mechanical properties, vary sensitively with the precipitates, and
thereby exquisite heat-treatment condition is chosen during fabricating process, in order to
control the formation of the precipitates, type, size, fraction, position in microstructure, and
so on. The representative precipitate of precipitation-hardened Ni-based superalloys is the
gamma-prime (γ′) with a L12 ordered structure, and/or gamma-double prime (γ”) with a
D022 ordered structure. They substantially contribute to the strengthening of superalloys
through the interaction between them and dislocations [10–14]. However, there have been
many reports that the ordered precipitates can be detrimental to the sensitivity of hydrogen
embrittlement for Ni-based superalloys [2,3]. Enhanced planar slip by shearing of the
ordered precipitates tends to restrict the ability to cross-slip resulting in higher tendency
for hydrogen-related failure [4–6,10,11].

Meanwhile, carbides and/or nitrides are also inevitable precipitates in most Ni-based
superalloys, and they as well as the ordered precipitates form during heat-treatment of the
alloys with varying stoichiometric ratio, constituent elements, crystal structure, and so on.
There are different scopes reported on the effect of carbides on HE [15–19]. Araujo et al. [15]
reported that the size and distribution of the (Nb,Ti)C particles can affect the degree of HE
working as propagation path of hydrogen-induced crack in Inconel 718. On the other hand,
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Young et al. [16] argued that grain boundary carbide precipitation is beneficial to resistance
to HE in Ni-17Cr-8Fe alloys because the carbide/matrix interface acts as a strong hydrogen
trap site. Commonly agreeable from those diverse results is that delicate control of the
nucleation site, size, and distribution of carbides appear very important on the degree
of HE of Ni-based superalloys, which makes further studies necessary to understand the
effect of carbides influencing on HE of Ni-based superalloys.

Our previous study has reported that needle-like MC carbides formed at or near twin
boundaries in IN740H superalloy aged at 1173 K [20]. IN740H superalloy is the state-of-the-
art Ni-based superalloy, which is strengthened by precipitation of γ′ ordered phases with a
stoichiometric Ni3(Al,Ti,Nb) ratio. However, formation of MC carbides with the needle-
like morphology at such specific site was unexpected during the applied heat-treatment
condition. The MC carbide consists of Ti and Nb elements, which are strongly interacting
with hydrogen and also contributing as the constituents of γ′ precipitates. Thereby the
carbide precipitation could affect HE as well as its fundamental role on the mechanical
properties in IN740H superalloy. In this context, the effect of the needle-like MC carbide on
HE was investigated in this study.

2. Materials and Methods

The chemical composition of IN740H superalloy used in this study is Ni-24.3Cr-19.5Co-
1.40Al-1.41Ti-1.32Nb-0.62Mo-0.88Fe-0.21Mn-0.17Si-0.04Cu-0.03C-0.0033B-0.006P-0.002S in
wt.%. The alloy was solution treated at 1473 K for 1 h and water-quenched (hereafter,
this specimen will be referred as CG-S standing for Coarse-Grained Solution-treated). For
grain refinement, some of CG-S specimen were 70% cold-rolled at room-temperature, and
then solution treated at 1393 K for 10 min, followed by water-quenching (referred as FG-S
hereafter, standing for Fine-Grained Solution-treated). Two solution treated specimens
were subsequently aged at 1173 K for 100 h, and then cooled in air. For convenience,
these aged specimens are referred as CG-A and FG-A, respectively after the CG-S and
FG-S specimens, hereafter. The specimens aged at the same temperature have similar total
fraction of precipitate and their size. Additionally, the grain size of the aged specimens
was not significantly changed during the aging process. Detailed information on the initial
microstructure was described in our previous report [20].

Morphology, distribution and constituent elements of the precipitates in initial mi-
crostructure were analyzed using a transmission electron microscope (TEM, Talos F200X,
FEI, Hillsboro, OR, USA) equipped with an EDS system. The TEM foils for non-deformed
specimens were prepared by twin-jet electropolishing (TenuPol-5, Struers, Ballerup, Den-
mark) using an electrolyte consisting of 10 % perchloric acid and 90% methanol at 243 K.

Tensile specimens with 10l × 1w × 0.3t mm3 dimensions at gauge portion were
cut along rolling direction by electro-discharge machining. The surface of the machined
tensile specimen was then mechanically polished, and the final polishing was done with
a colloidal silica with a size of 0.02 µm to form mirror surface. The final thickness of the
tensile specimens was about ~250 µm. The tensile specimens were thermally charged with
99.9999% pure hydrogen gas at 573 K and 15 MPa for 72 h utilizing the method described
earlier [21–25], and then stored in liquid nitrogen right after hydrogen charging to minimize
hydrogen release out of the specimen. It took less than 5 min for the hydrogen-charged
specimens to move to the liquid nitrogen storage from the hydrogen charging cylinder.
Nevertheless, all of the testing was completed within 24 h after hydrogen charging.

The hydrogen-charged specimen was taken out of the liquid nitrogen and left at
room-temperature within 5 min, and then tensile testing was performed at a strain rate
of 10−4 s−1 using a 300 N mini-tensile testing machine (Mtest300, Gatan Inc., Pleasanton,
CA, USA). After failure, fracture surface and gauge portion near fracture surface of the
specimens were observed using a field emission scanning electron microscope (FE-SEM,
S-4300SE, Hitachi, Tokyo, Japan) under 20 kV with an energy dispersive X-ray spectroscopy
(EDS, XFlash, Bruker, Karlsruhe, Germany).
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In order to quantify the hydrogen content, thermal desorption analysis was conducted
for the hydrogen-charged specimens using thermal desorption spectroscopy (TDS) with a
quadruple mass spectrometer (R-DEC, Tsukuba, Japan) having a measurement accuracy
of 0.01 wppm at a heating rate of 300 K/h. Hydrogen charging process and the time
interval between hydrogen charging and TDS testing was set to be identical to that for the
above-mentioned tensile testing condition.

3. Results and Discussion
3.1. Initial Microstructure

SEM images of FG-S and CG-S specimens are shown in Figure 1a,b, respectively.
The average grain size with annealing twin boundary of solution-treated specimens was
estimated to be 15 and 120 µm, respectively for FG-S and CG-S specimens. Additionally,
annealing twins are well developed for both specimens [20]. Primary blocky MC carbides
were randomly distributed in both specimens, as indicated by white circles in both fig-
ures. For better understanding of the initial microstructure, each initial microstructure was
schematically drawn in Figure 1c,d for FG-S and CG-S, respectively. Most prominent differ-
ence between them as well as the grain size is the morphology of twin boundaries inside
grains. For FG-S specimen, annealing twin boundaries are well-developed. The annealing
twins crossed the grain perfectly from one side to the other, and the typical appearance
of the twin boundary is called a coherent twin boundary (CTB), as pointed by the green
arrows in Figure 1a,c. For CG-S specimen, however, larger portion of twin boundaries
appears but their appearance looks imperfect: most of the twins do not completely cross
the grain and stops along the way. Therefore, an imperfect interface formed as indicated by
red arrows in Figure 1b,d. The imperfect interface is a so-called incoherent twin boundary
(ITB), and the ITB has higher interfacial energy compared with the CTB [26], although
both the CTB and ITB are stable, still having lower interfacial energy than typical random
high-angle boundaries.
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Figure 1. SEM images of (a) FG-S and (b) CG-S specimens. The green and red arrows, and white
circles indicate coherent and incoherent twin boundary, and primary blocky MC carbide, respectively.
Schematic images of the microstructure of (c) FG-S and (d) CG-S specimens.

Figure 2 presents SEM images of FG-A (Figure 2a) and CG-A (Figure 2b,c) specimens.
It commonly shows that precipitates formed at grain boundaries in both specimens. How-
ever, precipitation behavior around TBs noticeably looks different between both specimens;
as shown in Figure 2b–d, needle-like precipitates formed around ITBs. For better under-
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standing of the precipitation behavior in both aged specimens, TEM-EDS images were
presented in Figure 3. As shown in Figure 3a, grain boundaries and neighboring regions
are decorated by coarser γ′ precipitates and MC carbides while finer γ′ precipitates are
distributed inside grains in FG-A specimen. Although Figure 3b magnifies the region of
ITB not showing grain boundary, similar tendency was observed for CG-A specimen (not
shown) and the fine γ′ precipitation inside grains can be observed in the left image of
Figure 3b. On the other hand, needle-like carbides formed around ITBs only in case of
CG-A specimen, as shown in Figure 3b. In our previous report [20], the needle-like carbides
were identified as MC-type of (Ti,Nb)C carbide from selected area diffraction (SAD) pattern
analysis. The longitudinal direction of the needle-like MC carbides is parallel to CTBs due
to the directional stress field around ITB [27]. Since ITBs were introduced more in CG-S
specimen than in FG-S specimen as shown in Figure 1b,d, needle-like MC carbide is more
likely to form in CG-A specimen while secondary MC carbides with blocky shape could
form at other preferential nucleation sites also in FG-A specimen.
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Figure 2. SEM images of (a) FG-A and (b) CG-A specimens. The white arrows indicate needle-like
MC carbides around incoherent twin boundary (ITB). (c) The magnified image showing needle-like
MC carbides in CG-A specimen. (d) Schematic image of the microstructure of CG-A specimen.

Meanwhile, a γ′ precipitate-free zone (PFZ) was observed around twin boundary and
grain boundary, as shown in Figure 3a,b. It can be attributed (i) to coarse γ′ phases at grain
boundary depriving the region of the γ′ forming elements in both the specimens aged at
1173 K (although not shown in Figure 3b, the coarse γ′ phases and PFZ around them were
also observed for CG-A specimen), and (ii) to the needle-like MC carbide containing Ti
and Nb, which must have depleted the γ′ forming elements, around twin boundary in the
CG-A specimen as shown in Figure 3b.

3.2. Tensile Property with and without Hydrogen

Figure 4a,b show engineering stress–strain curves with and without hydrogen charging
for the solution-treated specimens and the aged specimens. FG and CG specimens were
indicated by red and blue lines, respectively, while non-charged and hydrogen-charged
specimens were drawn by solid and dashed lines, respectively. The typical grain size effect
was observed that yield stress and ultimate tensile strength (UTS) increased, and uniform
elongation slightly decreased with decreasing grain size in both -S and -A specimens.
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After the aging process, yield stress and UTS increased but elongation decreased, and
the strengthening effect by the aging process is more prominent in FG-A specimen than CG-
A specimen. As shown in Figure 3, γ′ precipitate as well as grain size could strengthen Ni-
based superalloys [10–14]. Nevertheless, yield stress of both -A specimens are quite lower
than most γ′ precipitate-hardened superalloys [10–12] since the adopted aging temperature
in this study is much higher and thereby could make -A specimens over-aged. Formation
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of needle-like MC carbides in CG-A specimen significantly restricts γ′ precipitation around
twin boundaries since two precipitates consist of Ti and Nb elements, and the strengthening
by the MC carbides seems to be less effective than that by γ′ precipitates.

After hydrogen charging, only elongation of CG-A specimens noticeably decreased
while the other specimens appeared unaffected, as shown in the dashed lines in Figure 4a,b.
Total elongation of specimens with and without hydrogen was indicated in Table 1. The
ductility loss of those specimens was calculated by the following Equation (1).

Ductility loss (%) = {(El.N − El.H)/El.N} × 100 (1)

where El.N is the elongation for non-charged specimen and El.H the elongation for hydrogen-
charged specimen. The ductility loss was estimated to be 32% for the CG-A specimen while
the other specimens did not show any degradation by the absorbed hydrogen.

Table 1. Elongation with and without hydrogen charging, and ductility loss.

Specimen without H
(El.N)

with H
(El.H)

Ductility
Loss (%) Specimen without H

(El.N)
with H
(El.H)

Ductility
Loss (%)

FG-S 0.46 0.46 0 CG-S 0.48 0.49 −0.02

FG-A 0.34 0.34 0 CG-A 0.38 0.26 0.32

3.3. Fracture Behavior

Fractography results were presented in Figure 5 for overall fracture surface and in
Figure 6 for the magnified image of the aged specimens (FG- and CG-A) with or without
hydrogen charging. At first, in case of FG-A specimen, larger sizes of dimples around
smaller typical dimples were frequently shown in non-charged FG-A specimen, as pointed
by the yellow arrows in Figure 6a. At the inner region of the dimples, relatively larger or
smaller size of precipitates were observed. As compared with the microstructure of the
FG-A specimen Figures 2a and 3a, the precipitates can be inferred as a blocky primary
MC carbide for the larger ones, and a secondary MC carbide or coarsened γ′ precipitates
formed during aging process for the smaller ones. Therefore, it is understood that micro-
voids primarily occur around the precipitates, followed by micro-voids coalescence (MVC)
process in the FG-A specimens. Additionally, the γ′ precipitates in grain interior seem not to
be influential for fracture behavior. This MVC process with ductile fracture was maintained
even after hydrogen charging in FG-A specimens, as shown in Figures 5b and 6b. This
ductile fracture behavior was also commonly observed (although not shown in the paper)
in both solution-treated FG-S and CG-S specimens without degradation of ductility by
hydrogen charging.

In the case of non-charged CG-A specimen, MVC process with some occasional shear
fracture related to coarse grain size was dominant fracture mode as shown in Figure 5c. In
particular, elongated dimples looking like a long and deep valley were presented in the
magnified fracture surface (the white arrows in Figure 6c). These elongated dimples are
likely to come from the twin boundaries, which was decorated by needle-like MC carbides,
as shown in Figure 2b–d. After hydrogen charging, however, fracture behavior strikingly
changed when the fracture mode transited from the MVC process to intergranular fracture,
as shown in Figure 5d. In the magnified fracture surface (Figure 6d), it is noteworthy that
the elongated dimples appear adjoining with the interface between intergranular fracture
surfaces (the dotted white lines).
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4. Discussion
4.1. Hydrogen Trapping Behavior

The experimental TDS curves of the specimens used in this study were shown by the
black line in Figure 7a–d. It would be difficult to figure out if a thermal decomposition
behavior is composed of a single peak or multiple peaks because even a single peak de-
composition could have an asymmetric shape [28]. However, in this work, we made an
assumption that the observed thermal decomposition could be decomposed into two peaks
by referencing the other works on similar materials [29,30] to make a discussion regarding
what type of microstructural feature could be dominantly influencing the hydrogen absorp-
tion behavior. Using a multiple peak analyzer (built-in Origin 2022 software), non-linear
curve fitting based on a Gaussian model was performed to decompose the apparent single
peak of each experimental TDS curve into two peaks; the lower temperature peak (red
line) and the higher temperature peak (green line) in each TDS curve (Figure 7), and the
cumulative fit curve (blue line) of both peaks are matched well with the experimental TDS
data (black line). The peak temperatures of the curves are indicated in Table 2. It should be
noted here that the decomposition of the TDS peak is intended not to carry out a rigorous
analysis but to acquire a rough idea on which type of trapping site is more dominantly
affected by annealing treatment.
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experimental TDS curve (black) in each specimen.
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Table 2. Peak temperature and the absorbed hydrogen content acquired by experimental and fitted
TDS curves.

Fitted Curves
Experimental Curve

Peak 1 Peak 2

Specimen
Peak

Temperature
(K)

Hydrogen
Content, C1

(wppm)

Peak
Temperature

(K)

Hydrogen
Content, C2

(wppm)

Peak
Temperature

(K)

Total Hydrogen
Content
(wppm)

FG-S 503 19.7 568 22.1 555 41.8

CG-S 496 19.3 567 26.2 552 45.5

FG-A 505 15.5 580 30.0 571 45.5

CG-A 524 26.3 587 28.9 573 55.2

The lower and higher temperature peaks for the -S specimens occur at ~500 and
~570 K, respectively, and both peak temperatures certainly increased by aging treatment.
The degree of the increment in the peak temperatures by aging treatment was higher in
CG specimens. Considering that the TDS measurement was done with constant thickness
of specimens, ~250 µm, the observed shift in peak temperature could be attributed to the
decrease in effective hydrogen diffusivity after aging treatment which could take place by
the increase in hydrogen trapping site. Both peak temperatures of -A specimens matched
well with other precipitation-hardening superalloys, IN718, IN725, and Monel K-500 [29,30].
According to the previous studies [30], the lower temperature peak is related to the sum of
the hydrogen in lattice interstitial sites and the lattice hydrogen with low-energy reversible
trap sites, such as dislocations, twin boundaries, and low-energy boundaries, whereas
the higher temperature peak are likely the stronger reversible trap sites, such as grain
boundaries, γ′, and γ”.

The hydrogen content of two fit curves in each specimen as well as the total hydrogen
content (up to 723 K) were summarized in Table 2. The hydrogen content in each curve
was calculated by integrating the curve. Hereafter, the hydrogen contents for the lower
and higher temperature fit curves are referred to as C1 and C2, respectively. C1 and
C2 for -S specimens were calculated to be 19.7 and 22.1 wppm for FG-S specimen, and
19.3 and 26.2 wppm for CG-S specimen, respectively. Similar content of C1 in both -S
specimens are likely due to the comparable annealing twin boundary fraction between
both -S specimens [20] as well as the same hydrogen charging condition rendering the
same lattice hydrogen concentration based on a Sieverts’ law relationship. On the other
hand, C2 in CG-S specimen was higher than that in FG-S specimen which indicates that the
annealing treatment at higher temperature (CG-S) resulted in higher amount of trapping
sites with stronger bonding energy. This difference is not fully understood because the
CG-S specimen has less grain boundary area than FG-S and the detailed mechanism should
be further investigated. Meanwhile, primary blocky MC carbides are generally regarded as
the irreversible hydrogen trapping site [29,31], and thus the peak concerning the carbides
should have appeared at higher temperature than the peaks of two fit curves if the carbides
acted as effective hydrogen trapping site. However, other peaks were not clearly observed
above 723 K, and also the hydrogen content above 723 K of all specimens was measured
to be less than 1 wppm. Therefore, it can be seen that primary block MC carbides are not
considered as the effective hydrogen trapping site regardless of grain size variation in this
study primarily due to the low number density.

On the other hand, aging treatment accompanying precipitation seemed to change
hydrogen trapping behavior between both -A specimens. The total hydrogen content
of both -A specimens increased by the aging treatment; from 41.8 to 45.5 wppm for FG
specimen and from 45.5 to 55.2 wppm for CG specimen. As compared to C1 and C2 of -S
specimens, C2 prominently increased while C1 decreased for FG-A specimen. This means
that the interface between matrix and γ′ effectively trapped hydrogen atoms contributing
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to the increment in C2 in FG-A specimen, as reported in the previous studies [3,29,30]. As
opposed to the FG-A specimen, however, C1 significantly increased and C2 marginally
increased despite the precipitation of γ′ as well in the CG-A specimen. The difference
between both -A specimens is that a large amount of needle-like MC carbides with its
surrounding PFZ formed near the twin boundaries in the CG-A specimen, as shown
in Figures 2b and 3b. Therefore, it is reasonable to infer that hydrogen atoms in CG-A
specimen are more trapped around twin boundaries decorated with the needle-like MC
carbides and likely at the interface between the matrix and the needle-like MC carbide.
The needle-like MC carbides are nucleated at stacking faults at or near incoherent twin
boundaries [20], and thus the interface between matrix and the carbide (especially the
interface parallel to the longitudinal direction) might maintain good coherency. Unlike the
interface between matrix and the primary blocky MC carbide that are generally regarded as
an incoherent interface with a strong irreversible trapping site, the interface between matrix
and the needle-like MC carbide are considered as relatively weak hydrogen trapping site.
It is reported that TDS peak temperature and hydrogen trap binding energy of carbide are
dependent on interfacial coherency with matrix [32,33].

Looking at the experimental TDS data, the annealing treatment on CG specimen increased
the hydrogen absorption from 45.5 to 55.2 (difference is 9.7) wppm while the annealing on
the FG specimen showed only minor increase, from 41.8 to 45.5 (difference is 3.7) wppm.
With the help of peak decomposition analysis, it could be concluded that the annealing
treatment and resultant formation of γ′ contributed to the increase in hydrogen absorption
to some extent (for example, 3.7 wppm for FG specimen) while the formation of needle-like
MC carbide also contributed with comparable or even higher amount that the 9.7 wppm
increase in CG specimen is attributed to the cooperative contribution of both γ′ and needle-
like MC carbide.

4.2. Hydrogen-Induced Intergranular Fracture

In both hydrogen-charged -S specimens, hydrogen-induced degradation related to
mechanical properties was not detected as shown in Figure 4. This means a critical hydrogen
concentration needed to induce intergranular fracture was not attained in both -S specimens
although large amounts of hydrogen were trapped at grain boundaries, as shown in
Table 2. For both -A specimens, on the other hand, ductility significantly decreased only
in hydrogen-charged CG-A specimen although γ′ precipitates were commonly formed.
It shows that for the decrease in ductility of the CG-A specimen, the synergistic effect of
hydrogen and needle-like MC carbide on deformation behavior around ITB is more of the
main factor than slip planarity by γ′ shearing.

Figure 8a,b show the SEM images indicating the deformation characteristic of the
needle-like MC carbides around ITBs in non-charged CG-A specimen at the fracture strain.
The SEM images were taken at the region near fractured surfaces. It is clearly shown that
the needle-like carbides in the non-charged specimen were obviously tolerant to higher
fracture strain of about 0.38 showing significant strain accumulation without any defects
(Figure 8a,b). There are two important factors influencing on deformation behavior of
neighboring twin boundaries in the CG-A specimen: (i) needle-like MC carbide, and (ii) its
surrounding PFZ. Generally, carbides are relatively stronger than matrix in metallic ma-
terials, and the carbide/matrix interface are regarded as the main source of formation
of micro-voids, through decohesion of the interface and/or fracture of the carbides by
dislocation pile-up during deformation. Accordingly, larger size of dimples originated
from carbides are shown in fracture surface, as the evidence of active MVC process near
the carbide/matrix interface, as shown in Figure 6. However, the size of elongated dim-
ples (white arrows in Figure 6c,d) formed by needle-like MC carbides looks comparable
with its neighboring dimples. This is closely related to the fact that the needle-like car-
bide/matrix interface sufficiently accumulated the strain in the surrounding area, as shown
in Figure 8a,b, nearly up to the fracture strain. The sufficient strain accumulation near the
interface is linked to the presence of PFZ in the vicinity of the needle-like carbides. PFZ is a
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relatively softer region since the precipitates adjacent to the PFZ deprive its constituent ele-
ments. PFZ could rather accompany deformation [34], and also it restrains crack extension
as a role of relieving stress concentration [35]. From this point of view, it can be said that
the presence of PFZ effectively restricts the formation of micro-voids at the needle-like MC
carbide/matrix interface, and thus sufficient strain accumulation at the interface decreases
the sensitivity to intergranular fracture along twin boundaries, although lots of carbides
were decorated near twin boundaries in non-charged CG-A specimen.
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Figure 8. SEM images of the surface area near the fracture surface of (a,b) the non-charged and
(c,d) the hydrogen-charged CG-A specimens, showing incoherent twin boundary and needle-like
MC carbide. EDS maps of Nb, Ti, and Ni indicate the position of the needle-like MC carbides in (b,d).
The yellow arrows in (d) indicate the micro-voids at the carbide/matrix interface.

On the other hand, the inherent localized deformation behavior around twin bound-
aries in CG-A specimen seems to behave differently when exposed to hydrogen. Figure 8c,d
show that needle-like MC carbides looked separated and thereby micro-voids formed even
at lower fracture strain of about 0.25. It is clear that hydrogen uptake accelerated void
formation at or near the carbide/matrix interface at earlier strain. As shown in Figure 7 and
Table 2, a lot of hydrogen atoms in CG-A specimen were trapped around the needle-like
MC carbide/matrix interface as well as twin boundaries regarding those sites as a reversible
weak hydrogen trapping site. When hydrogen is present at such second phase/matrix
interface, the formation of micro-voids/cracks along the interface can occur readily in the
framework of hydrogen-enhanced decohesion (HEDE) model [36]. Moreover, dislocation
pile-up process could be accelerated at the interface due to the presence of PFZ imply-
ing that hydrogen enhances a slip localization in PFZ as operating hydrogen-enhanced
localized plasticity (HELP) model [37]. Additionally, hydrogen atoms can be paired with
moving dislocations, and the hydrogen-decorated dislocations are more piled-up at the
interface [38]. As a result, the enhanced dislocation pile-up process and hydrogen accu-
mulation at the interface accelerate the formation of micro-voids/cracks at needle-like MC
carbide/matrix interface at earlier strain.
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Accordingly, the complex interaction between hydrogen and the needle-like carbide
matrix interface as well as PFZ would render a large number of micro-void/crack to be
densely distributed near twin boundaries during deformation. This would impose much
higher stress on its neighboring twin boundaries and/or grain boundaries because of the
reduction in the effective area capable of sustaining the applied load. Furthermore, strain is
readily accumulated to the boundaries since the carbide/matrix interface can no longer
absorb strain and the boundaries themselves interact with the trapped hydrogen atoms.
As a result, the local stress concentration at the boundaries reaches the critical value for
intergranular crack initiation leading to the prevailed intergranular fracture surface.

In summary, most previous studies on hydrogen embrittlement of several Ni-based
superalloys have focused on localized deformation enhanced by shearing of γ′ or γ” pre-
cipitates [10–14]. However, this study clearly shows that, in a case that inevitable phase of
carbides in superalloys form at a specific site with distinct morphology in their microstruc-
ture, the carbides could also affect hydrogen embrittlement of the materials. For the usage
of Ni-based superalloys under the possibility of hydrogen penetration, therefore, control of
morphology and nucleation site of carbides would be a critical requirement that should
be considered.

5. Conclusions

In this study, the effect needle-like MC carbides around ITBs have on the HE of IN740H
Ni-based superalloy was investigated, and the obtained conclusions are as follows:

1. For the FG-S specimen, the annealing twin boundaries developed well as the typical
appearance of CTB. For the CG-S specimen, however, a larger portion of twin bound-
aries appeared, but their appearance was imperfect: most of the twin boundaries did
not completely cross the grain and stopped along the way, which led to a large portion
of ITB in the microstructure. After the aging process, needle-like MC carbides formed
around ITBs only in the CG-A specimen.

2. After hydrogen charging, only the elongation of CG-A specimens noticeably de-
creased: The ductility loss was estimated to be 32% for the CG-A specimen, while the
other specimens did not decrease. In the fractography result, the fracture behavior
strikingly changed in the CG-A specimen by hydrogen absorption: the fracture mode
transits from the MVC process to intergranular fracture. Additionally, elongated dim-
ples appeared, adjoining with the interface between intergranular fracture surfaces.

3. TDS curves indicated that annealing with the coarse-grained condition (CG-A) re-
sulted in the highest amount of hydrogen absorption, implying that the only charac-
teristic difference of the CG-A, needle-like MC carbide, could be the dominant factor
increasing the hydrogen absorption. Additionally, decomposition of the experimen-
tally obtained TDS curves based on the assumption of two different trapping sites
having Gaussian distribution showed that the peak area of the lower trapping energy
(C1) increased more than that for higher trapping energy (C2) for CG-A compared to
CG-S, which suggests that the interface between the needle-like MC carbide and the
matrix could work as a weak hydrogen trapping site.

4. In the presence of hydrogen in the CG-A specimen, deformation was more localized
around ITBs and dislocations were promptly piled-up at the interface between the
needle-like MC carbide and the matrix. This accelerated micro-void/crack formation
and coalescence process at the interface. It imposed much higher load on the neigh-
boring region, and finally led to hydrogen-induced intergranular fracture at ITBs at
earlier strain.
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